OBJECTIVEdSuccessful treatment of osteomyelitis is more likely with accurate diagnosis and identification of the causative pathogens. This typically requires obtaining a specimen of bone, usually by image-guided biopsy. We sought to develop a simpler bedside method for definitively diagnosing osteomyelitis.
T he worldwide prevalence of diabetes mellitus is expected to exceed 300 million people in 2025, and~25% will develop a foot ulcer (1) . More than half of these ulcers are clinically infected at presentation, and among these infections 20-50% involve bone (2, 3) . Infection of a diabetic foot ulcer, particularly when accompanied by osteomyelitis, markedly increases the risk of lowerextremity amputation, a highly morbid event (4, 5) .
The presentation of foot infection in persons with diabetes is often atypical because of the frequent presence of peripheral neuropathy or vascular insufficiency (6) . Diagnosis of diabetic foot osteomyelitis is particularly challenging (7) , despite the availability of various clinical, serological, and imaging techniques (7) (8) (9) (10) (11) . Furthermore, cultures of soft tissue specimens do not accurately reflect bone pathogens (12) . The criterion standard for diagnosing osteomyelitis is still controversial, but the most conservative ( albeit not yet validated) definition is culture of a pathogenic organism from a bone specimen in the presence of characteristic histological changes (13) . Bone samples may be obtained at the time of surgical débridement or percutaneously by biopsy or bone marrow aspiration after puncture. A positive culture allows appropriate tailoring of antibiotic treatment, which may improve outcomes in diabetic foot osteomyelitis (14) . Nevertheless, in most clinical practices osteomyelitis is diagnosed solely on the basis of clinical and imaging findings (15) ; bone specimens are infrequently obtained, largely because of the perceived complexity of arranging the procedure or fear of adverse effects of bone biopsy. Bone puncture, although simpler than surgical or radiologically guided bone biopsy, is rarely undertaken.
Bone imaging, especially by plain radiographs, is usually the first step in diagnosing diabetic foot osteomyelitis (11, 16) . When this is inadequate, magnetic resonance imaging (MRI) is considered the best available advanced imaging study. MRI sensitivity is 90-100% in osteomyelitis cases, but its specificity in most studies is ,80% (17) . Nuclear medicine imaging, although highly sensitive, is quite nonspecific (18, 19) . Conventional scintigraphic imaging often cannot identify the precise site of osteomyelitis because of low spatial resolution and a lack of anatomic specificity. The fusion of scintigraphic and morphologic images, using hybrid single-photon emission computed tomography/computed tomography (SPECT/CT), is more accurate than planar scintigraphy alone, correctly differentiating foot osteomyelitis and contiguous soft tissue infection in 97% of cases compared with 59% for planar scintigraphy (18, 20, 21) . 67 Ga, a radioactive marker that accumulates in inflammatory and infected tissues (22) , appears to be a good radiotracer to localize infection in combination with SPECT/ CT (23).
This study investigated the usefulness in diagnosing diabetic foot osteomyelitis by a sequential procedure that uses the results of 67 Ga SPECT/CT to exclude infection when it is negative or to localize suspected infection when it is positive, followed by a sterile percutaneous bone puncture to identify the causative pathogens.
RESEARCH DESIGN AND METHODS

Study design
We conducted a single-center prospective study in a university-affiliated hospital (Hôtel Dieu, Paris, France) referral clinic for diabetic foot conditions. We recruited consecutive diabetic inpatients and outpatients with a chronic foot ulcer (present for .3 months) in whom osteomyelitis was suspected on the basis of French consensus criteria (24) . The study protocol was approved by the local ethics committee (Comité de Protection des Personnes, Hôtel Dieu, Paris) and classified as a current care proceeding, because SPECT/CT imaging and bone puncture are currently recommended for diagnosing diabetic foot osteomyelitis by the French Infectious Diseases Society (24) .
Study population
We evaluated all diabetic patients $18 years old in whom active osteomyelitis was clinically suspected on the basis of a foot ulcer with at least one of the following characteristics: presence for .3 months, location over a bony prominence, or relapsing infection or slow healing despite adequate arterial flow and appropriate local care for $3 months. There were findings compatible with osteomyelitis on plain radiography in 26 of 42 (60%) of the patients who underwent bone puncture. Thus the enrolled patients were all at high risk for underlying osteomyelitis. We excluded patients who required orthopedic or vascular surgery or who had received any systemic antibiotic therapy during the 14 days preceding imaging and bone puncture. We did enroll patients with a suspicion of osteomyelitis associated with acute soft tissue infection; however, imaging and puncture were delayed until 14 days after the end of antibiotic therapy because urgent treatment of soft tissue infection is mandatory.
Detection of bone inflammation
All enrolled patients underwent hybrid 67 Ga SPECT/CT imaging, which provides high-resolution merged 67 Ga singlephoton emission computed tomographic and computed X-ray transmission tomographic images of the ankles and feet. We obtained images 48 h after the injection of 150 MBq of [ 67 Ga]gallium citrate and considered patients with no increased uptake on the 67 Ga SPECT/CT not to have osteomyelitis. These patients underwent no further diagnostic studies and did not receive antibiotic treatment.
Collection of bone marrow samples
In cases in which imaging revealed a focal accumulation of radioactivity in bone underlying the ulcer, we performed a bedside percutaneous bone puncture with a 16 gauge 3 5 cm Mallarmé trocar (Myelo-Gal; Gallini Medical Devices, Mantova, Italy). Punctures were done through intact uninfected skin, not through the ulcer, after first washing the entire foot twice with foaming povidone iodine polyvidone solution (Betadine scrub), rinsing it, then disinfecting the puncture site with Betadine. We inserted the trocar into the presumed site of bone infection, selecting a route according to the results of three-dimensional 67 Ga SPECT/CT imaging. We aspirated bone marrow into a sterile 20-mL syringe; the maximum final volume obtained ranged from 0.5 to 3 mL, depending on the size of the bone. The gross appearance of the bone marrow aspirate was like blood with fatty material.
Microbiological assessment
Immediately after puncture, we inoculated the bone marrow sample into a blood culture bottle containing an anaerobic growth medium (BACTEC Lytic/10 Anaerobic/F; Becton Dickinson, Le Pontde-Claix, France) and another with aerobic medium (BACTEC Plus aerobi/F). We processed the bottles with the BACTEC 9240 system and incubated the bottles for as long as 10 days at 378C. We identified any isolates by standard procedures, including coagulase tests with rabbit plasma and API 20E strips (bioMérieux, Marcy l'Etoile, France). We identified susceptibility to antibiotics by the disk diffusion method on Mueller-Hinton agar, according to the guidelines of the Committee of the French Society for Microbiology (http:// www.sfm.asso.fr), with disks from BioRad (Marnes-la-Coquette, France). We also subcultured any positive blood culture vials on nutrient agar at 378C and identified pathogens as described above.
Patient outcome
Our primary end point for diagnosis of osteomyelitis was a positive result for both the 67 Ga SPECT/CT and bone culture. We used the 67 Ga SPECT/CT imaging to determine which patients would undergo bone puncture for culture. If the scan showed focal accumulation of activity in the bone immediately underlying the ulcer, we performed a bone puncture; if not, we assumed the patient did not have osteomyelitis and did not provide antibiotic treatment. Patients who underwent a bone puncture and had a negative culture also did not receive antibiotic treatment. In patients who had a negative bone culture but who had poor wound healing and persistent or worsening clinical local symptoms of inflammation suggestive of osteomyelitis, we performed a second bone puncture. We treated all patients with a positive bone culture with 8 weeks of antibiotic therapy selected according to the susceptibility profile of the isolates and in line with the French diabetic foot infection guidelines (24) . We preferred oral antibiotic treatments when possible to avoid the need for a long hospital stay. We evaluated all patients for clinical signs of osteomyelitis and healing of the ulcer after $12 months of follow-up treatment. We did not routinely repeat 67 Ga SPECT/CT in patients with a positive bone culture; when performed, however, such imaging was carried out at $3 months after the start of antibiotic treatment.
Analysis of the results
We assessed end points $1 year after a negative 67 Ga SPECT/CT result (for those who did not receive antibiotic therapy) or the start of antibiotic treatment (for those who received it). The primary end point was the absence of any clinical evidence of diabetic foot osteomyelitis. The secondary end point was the clinical status of the ulcer, a surrogate marker for cure of infection. Ulcer clinical outcome in those treated with antibiotics was categorized as follows: cure if completely healed, failure if the ulcer persisted or displayed progression in its size or appearance that led to surgical treatment, or improvement if the ulcer had decreased in size by $50% but was not completely healed. In those not treated with antibiotics, osteomyelitis was presumed to have resolved if there was no clinical evidence of infection after $1 year of follow-up.
We considered the patient not to have had osteomyelitis if the baseline 67 Ga SPECT/CT result was negative or if 67 Ga SPECT/CT result was positive but the bone culture was negative, and if no clinical signs of osteomyelitis were present after $1 year of follow-up. Patients were considered to have had osteomyelitis if 67 Ga SPECT/CT and bone culture results were both positive at baseline. For patients with a negative initial bone culture who underwent a second bone puncture at the same location (because of a poor clinical response, as explained) that yielded a positive culture, we considered the first culture to have been a false negative.
Statistics
We summarized continuous variables with descriptive statistics and calculated the sensitivity and specificity of our evaluation procedure (25) . We determined the comparability of groups for categorical variables by the x 2 test with a significance level set at P , 0.05. We used the Youden index (J = sensitivity + specificity 2 1) to evaluate the performance of the diagnostic test; it has minimum and maximum values of 21 and +1, respectively, with a value of +1 representing the optimal value for an algorithm.
RESULTSdFrom 1 May 2007 to 1 May 2009, we enrolled 55 diabetic patients with suspected foot osteomyelitis in this study (Fig. 1) . 67 Ga SPECT/CT scans in 13 patients were negative, showing no increased 67 Ga uptake in the bone underlying the ulcer. None of these patients received antibiotic therapy, and after $1 year of follow-up all their ulcers were healed without any signs of soft tissue or bone infection. In 42 patients 67 Ga SPECT/CT showed markedly increased bone uptake, consistent with a diagnosis of osteomyelitis. All the included patients with positive imaging were men (93%), with a mean 6 SD age of 63 6 10 years and duration of diabetes of 20.3 6 11.3 years, and most (80%) had type 2 diabetes (Table 1 ). All patients had evidence of peripheral neuropathy (loss of protective sensation) of the feet, 60% had lowerlimb arterial insufficiency (ankle brachial pressure index ,0.9), and 42% had already had a distal limb amputation. During the year of follow-up, 3 (5.5%) of the patients died and 3 (all of whom had a positive bone puncture culture) underwent lower-extremity amputation of the affected limb.
We performed bone puncture on the 42 patients with positive 67 Ga SPECT/ CT imaging; 4 patients underwent bone puncture twice for a total of 46 bone punctures. Only one patient required local anesthesia for the bone puncture. We excluded the results of three bone punctures in two different patients from the analysis because these patients had received antibiotic therapy in the previous 14 days. Among the 40 patients whose bone punctures we included, 19 were culture negative. We deemed three of these cultures to be false negatives because in each case a second bone puncture carried out within a month grew pathogens. In total, 24 patients had bone cultures that were positive: the isolates were coagulasenegative Staphylococcus species (CoNS) in 14, Staphylococcus aureus in 9, and a nutritionally deficient Streptococcus in 1. CoNS species were isolated from bone cultures after a mean growth period of 1.5 6 0.82 days, and 9 of the 14 grew within Figure 1dFlowchart . 
aureus isolates).
All the culture-positive patients were treated with antibiotic therapy that consisted of a combination of ofloxacin (200 mg twice daily) and rifampicin (10 mg/kg twice daily) for fluoroquinolone-sensitive isolates in 18 patients, linezolid alone (600 mg twice daily) for the fluoroquinoloneresistant isolates in 6 patients, and amoxicillin (1 g three times a day) plus rifampicin (10 mg/kg twice daily) for the 1 patient with a Streptococcus isolate.
Among the patients who had died at follow-up (two of myocardial infarction and one of multiple organ failure), one was from the group with a negative bone culture and two were from the group with a positive bone culture (one methicillinresistant S. aureus and one methicillinsensitive CoNS). At follow-up, none of the 13 patients who had negative results on 67 Ga SPECT/CT (who had no antibiotic treatment) showed clinical evidence of infection, and all their ulcers had resolved. Similarly, among the 16 patients with a true-negative bone culture, 15 had no evidence of infection and a resolved ulcer at follow-up; 1 had died of a myocardial infarction. In the positive bone culture group, 19 of the 24 patients had no clinical signs of infection at followup (15 ulcers were completely cured and 4 had improved), 3 patients had undergone amputation surgery of an infected metatarsal (first, third, and fifth metatarsal head), and 2 patients had died (Table 2) .
We observed no adverse events in any patient after either 67 Ga SPECT/CT imaging or bone puncture. All patients with positive bone cultures completed their antibiotic treatments; however, 13 had the following antibiotic-associated adverse effects: gastrointestinal disturbances in 6 patients receiving the ofloxacin plus rifampicin regimen (resulting in the discontinuation of rifampicin in 2 cases) and anemia in 7 patients receiving linezolid (which was not severe enough to require treatment discontinuation).
CONCLUSIONSdAccurate diagnosis of diabetic foot osteomyelitis and identification of the causative pathogens should lead to better outcomes for this highly morbid infection. Because all currently available diagnostic tests have some deficiencies, newer diagnostic schemes are needed. The coupling of 67 Ga SPECT/CT imaging with subsequent bedside bone puncture for those with a positive result has many potential advantages. This approach uses a highly accurate imaging test to help determine which patients should undergo bone sampling and then adds a simple bedside bone puncture that does not require concomitant imaging because the 67 Ga SPECT/CT very precisely marks the bony part suspected of infection, even in the forefoot. In this prospective study of 55 patients with suspected diabetic foot osteomyelitis, we found this approach to be highly effective.
None of the 13 patients with negative 67 Ga SPECT/CT imaging demonstrated any clinical sign of bone infection after $1 year of follow-up, giving a sensitivity for this imaging test alone of 100%. Among the 29 patients whom we presumed not to have osteomyelitis (the 13 who had negative 67 Ga SPECT/CT imaging and no osteomyelitis on follow-up and the 16 who had a negative bone culture), 13 had negative imaging, for a specificity of 45% for imaging alone. The negative predictive value for 67 Ga SPECT/ CT imaging was 100%, similar to that of MRI (90-100%) (26) . Use of 67 Ga SPECT/ CT made it possible to avoid bone puncture in 13 of 55 cases (23.6%). Thus this Table 2dMicroorganisms isolated on bone puncture and outcome after ‡1 year of follow-up
Location
Outcome at 1 year (27) . Furthermore, the combined imaging and bone puncture technique enabled us to avoid antibiotic therapy in 55% of our patients with suspected osteomyelitis (29 of 55).
For diabetic patients with suspected osteomyelitis, virtually all guidelines recommend plain radiography as the first line of imaging investigation. Although these tests may be useful in patients at high risk for bone infection, their overall sensitivity and specificity have been relatively low in most studies (28) (29) (30) . Thus in special subgroups of patients with normal or indeterminate radiographic results, advanced imaging methods may be needed (24, 29, 31, 32) . Among these, MRI has been the preferred technique; however, its specificity is also limited by other entities that give a similar appearance, especially neuro-osteoarthropathy (Charcot foot). Radionuclide bone scans have good diagnostic sensitivity (generally .90%) (33) but rather poor specificity (;40%) related to increased uptake with any form of inflammation. Leukocyte scans are more specific but have poor resolution and are difficult to perform (33) .
The hybrid imaging SPECT/CT procedure provides the clinician with two types of information: functional (scintigraphic uptake) and anatomic (low-dose X-ray tomographic) definition. When the radiotracer used is specific for activated macrophages, as is the case for 67 Ga, this method can determine the precise location of inflammation within a bone, even in the forefoot. In a general population, 67 Ga SPECT/CT was found to be as useful for the diagnosis and localization of osteomyelitis as the best nuclear test, 111 In-labeled leukocyte scintigraphy (specificities of 55 and 48% respectively; P . 0.05) in a series of 12 suspected cases (23). More recently, Heiba et al. (18) demonstrated the ability of SPECT/CT imaging to discriminate soft tissue from bone infection specifically in patients with a diabetic foot infection. Moreover, Gotthardt et al. (34) suggested SPECT/CT as an alternative to positron emission tomography or MRI for diagnosing peripheral osteomyelitis, although no previous study has assessed SPECT/CT in the distal forefoot. In our patients, 67 Ga SPECT/CT was sufficiently accurate for precise localization of the affected bone part, even in the proximal phalanx of toes. Thus, 67 Ga SPECT/CT may be better than MRI for marking the precise site of inflammation in suspected osteomyelitis, helping to plan the bedside bone puncture.
Bone puncture has advantages relative to standard bone biopsy: it is a bedside procedure that does not require concomitant imaging; it uses a trocar smaller than the type used for bone biopsy; and bone marrow aspiration is care.diabetesjournals.org DIABETES CARE, VOLUME 36, AUGUST 2013 2207 probably less traumatic than bone biopsy. Although bone biopsy is considered to be the criterion standard for diagnosing osteomyelitis, it is rarely performed in most clinical settings. This is probably because it generally requires specialized surgical or radiological facilities, it is seen as timeconsuming and expensive, and some fear adverse effects (15) . Our experience suggests that a bone puncture with bone aspiration may be as useful as a bone biopsy, at least for culture although not for histopathological studies. It may be especially useful compared with biopsy for small bones in the forefoot. A bone aspirate sample can be cultured in blood culture bottles. The volume of bone marrow obtained is dependent on the size of the bone sampled. We found that negative bone culture results were more frequent for phalanges than for the first metatarsal or tarsal bones (Table 2 ), but the number of patients in our study was small. Studies of the microbiological etiology of foot osteomyelitis in diabetic patients have mostly revealed polymicrobial infection, with a mean of 1.35-1.54 isolates per sample noted in recent series (35, 36) . All but one of our positive cultures yielded a single gram-positive microorganism, almost all staphylococci. CoNS species are well documented as primary pathogens in diabetic foot osteomyelitis (35, 37, 38) . In diabetic foot infection, monomicrobial staphylococcal culture is associated with a lower risk of amputation than other microbial causes (39) . In our patients, the amputation rate was low (3 of the 24 cases of osteomyelitis), but about three quarters of our patients were outpatients and therefore probably had relatively less severely infections.
The bone puncture procedure has two potential limitations. First, it is essentially blind, unlike surgical or radiologically guided bone biopsy. The high quality of 67 Ga SPECT/CT images makes it possible to localize the infection very precisely, however, even in the forefoot (Figs. 2 and 3) . Furthermore, because the bones of the foot are located just under the skin, they can be reached percutaneously without the need for imaging guidance techniques. Second, it uses broth cultures rather than solid agar; however, recent studies of bone samples for hip and knee prosthetic infections have shown that the use of blood culture bottles was associated with good specificity (40) .
The primary end point for our study was the absence of clinical signs of osteomyelitis after $1 year of follow-up. Because patients with a negative 67 Ga SPECT/CT scan did not undergo bone puncture, we cannot be certain that there were no false-negative scans. The long-term follow-up of all cases, however, makes this highly unlikely. Because all patients with positive bone cultures received antibiotic treatment, it was not possible to exclude false-positive cases in this study. It is not impossible that some patients have osteomyelitis that resolves and wounds that heal without antibiotic therapy, especially in lesser toes. From the frequency of CoNS as a cause of false-positive blood cultures during the same period in our laboratory (3.3%), we can extrapolate to obtain the rate of false-positive cultures as 0.033 3 43 positive bone cultures, giving 1.4 cases (2 in our count to evaluate specificity). Applying these data, the sensitivity of the procedure should be no worse than 88%, its specificity 93.6%, and its positive and negative predictive values 91.7 and 90.7%, respectively. The Youden index was 0.82 for the imaging plus puncture combined vs. 0.45 for 67 Ga SPECT/CT alone, supporting the superiority of the coupled proceedings.
This coupled technique has several important advantages. The SPECT/CT scan allows a substantial minority of patients to avoid bone puncture, although MRI would probably give similar results because the two methods have the same sensitivity.
67 Ga SPECT/CT has a similar cost to MRI and is widely available in France, both in public and private hospitals. The bone puncture procedure can be carried out at the patient's bedside, by a clinician, without the need for an orthopedic surgeon or radiologist and imaging equipment. It is also less expensive than surgically or radiologically guided procedures. We therefore believe that coupling 67 Ga SPECT/CT with bedside bone puncture is an efficient procedure for the diagnosis of foot osteomyelitis in diabetic patients without signs of soft tissue infection. This method is simple, safe, and ambulatory, and it avoided the unnecessary use of antibiotics in more than half of the suspected osteomyelitis cases in our study.
